We have studied the structual damage in low-energy argon-ion-bombarded (ion-etched) GaAs using Raman scattering and ultraviolet reAectivity. When combined with post-bombardment sequential chemical etching, the Raman results reveal a graded depth profile of the damage layer, with a 0 nearly linear damage dropoff with depth. The total damage-layer thickness is about 600 A for high-Auence bombardment with 3.89-keV Ar+ ions. The spectral effects produced by argon etching are very different from those produced by high-energy ion implantation. The longitudinal-optic Raman line seen for argon-etched GaAs is not shifted and broadened as in ion-implanted GaAs. More striking are the results of the refIectivity measurements. For argon-etched GaAs, the electronic interband peaks are both broadened and strongly red shifted relative to the crystal peaks; for ionimplanted GaAs, only the broadening occurs. Distinct nanocrystals, which account for the effects seen in ion-implanted GaAs, are evidently absent in argon-etched GaAs. Instead, the damage layer caused by argon etching appears to be characterized by a very high density of point defects, which previous work suggests may be arsenic vacancies.
I. INTRODUCTION
Ion etching is a low-energy ion-bombardment process in which substrate surface atoms are removed (sputtered) via momentum transfer from incident energetic particles. Structural damage occurs during ion etching due to collisions between the incident ions and the near-surface atoms, and subsequent cascades. In this paper we describe a study of the distribution and the nature of the near-surface structural damage in argon-etched gallium arsenide (Ar+-etched GaAs Table I ), the temperature rise during ion bombardment was negligible. After ion bombardment, the samples were exposed to air during the spectroscopic measurements.
In order to depth profile the surface damage, the ionbombarded samples were chemically etched using a weak acidic solution 1:1:100 H2SO4. 30%%uo H202. H20. ' The etch rate had been studied previously, yielding a rate of about 530 A/min for c-GaAs and slightly higher for ionimplantation-damaged GaAs. The etch rate was assumed to be 100 A/(10 sec) in this study for both the near-surface high-damage region and the less-damaged region further away from the surface. Fig. 2 is that, despite the significant decrease in the LO peak intensity, the peak line shape remains essentially unchanged from that of c-GaAs. This is a significant difference between ionetched GaAs and ion-implanted GaAs. In the latter, a pronounced LO peak-position shift and an asymmetric line-shape broadening occur in addition to the intensity decrease. ' This difference is important and will be discussed further in the next section.
To reveal the damage profile in low-energy ionbombarded GaAs, we performed a series of LO-intensity measurements on ion-bornbarded samples which were subsequently subjected to the wet-chemical etch de- scribed in Sec. II. The Ar+-etched GaAs samples listed in Table I were chemically etched to depths up to 600 A. By gradually removing material from the surface to a known depth, a set of samples was obtained for each bombardment energy, yielding four sets of samples. LO Raman peak-intensity measurements were then carried out on these chemically etched samples. Measurements were made with the 5145-A argon-laser line (2.41 eV), 0 corresponding to an optical penetration depth of 540 A for c-GaAs, ' 120 A for a-GaAs, " and in between for the disordered medium.
The LO intensity was normalized using c-GaAs as the reference standard. The data points (symbols) in Fig. 3 It has been pointed out in the preceding section that the LO Raman peak of Ar+-etched GaAs exhibits essentially the same line shape and peak position as that of c-GaAs. This result is drastically different from the LO Raman peak observed in ion-implanted GaAs, where, in addition to the intensity decrease, the LO peak shifts and asymmetrically broadens. ' Figure 5 The spectra were taken with the 5145-A (2.41-eV) argonlaser line, so that resonance effects are minimal. Although the LO peak heights are different in the Ar+-etched GaAs and Be+-etched 6aAs spectra, the integrated intensities (area under the peaks) are nearly the same, so that a detailed comparison is appropriate.
Raman-scattering studies of Holtz et al. have shown 7 that the damage layer in Be+-etched GaAs consists of a fine-scale mixture of amorphous GaAs and GaAs nano- line shape is also very close to that of c-GaAs. More precisely, the peak shift in Ar+-etched GaAs is less than 0.5 cm ', compared In ion implantation, the predominant effect is peak broadening; there is no discernible shift in peak position. Figure 9 compares the interband reAectivity spectra of Ar -etched GaAs [sample (d) E&l(E, +6,), indicating a higher level of damage in the first 30 A than in the first 70 A. This is consistent with the graded damage profiles of Fig. 4 .
The most distinctive feature of the Ar+-etched GaAs reAectivity spectrum of Fig. 9 is the clear red shift seen for both the E,/ (E, +b, , ) (Fig.3) , along with the fits to these data based on the Gaussiandistribution and continuous-sputtering model [Eq. (1)j, have provided the depth-profile curves of Fig. 4 . The peak damage is at the surface and the graded profile shows a nearly linear damage dropoff with depth. The total damage-layer thickness varies from under 100 A for 0.5-keV argon ions to about 600 A for 3.89-keV ions.
The results show that the structure of the etch-induced damage layer is quite different from the structure of the deeper damage layer produced by high-energy ion implantation. For ion-implanted GaAs, the LO Raman line broadens and red shifts; for argon-etched GaAs, the LO line shape scarcely changes (Fig. 5) . For ion-implanted GaAs, the electronic interband peaks broaden but do not shift; for argon-etched GaAs, pronounced red shifts are seen in addition to the broadening. The spectral changes attributed, in ion-implanted material, to finite-size effects associated with distinct nanocrystals, are absent in argon-etched GaAs, which exhibits different spectral changes. The optical effects seen in Ar+-etched GaAs bear a definite resemblance to those produced by high temperature, suggesting densely distributed disorder. The tentative picture which emerges is a continuous crystalline layer containing a very high density of point defects. Previous XPS studies suggest that arsenic vacancies provide a plausible possibility for these defects.
